We have previously reported 27 differentially expressed microRNAs (miRNAs) during human monocyte differentiation into immature dendritic cells (imDCs) and mature DCs (mDCs). However, their roles in DC differentiation and function remain largely elusive. Here, we report that microRNA (miR)-146a and miR-146b modulate DC apoptosis and cytokine production. Expression of miR-146a and miR-146b was significantly increased upon monocyte differentiation into imDCs and mDCs. Silencing of miR-146a and/or miR-146b in imDCs and mDCs significantly prevented DC apoptosis, whereas overexpressing miR-146a and/or miR-146b increased DC apoptosis. miR-146a and miR-146b expression in imDCs and mDCs was inversely correlated with TRAF6 and IRAK1 expression. Furthermore, siRNA silencing of TRAF6 and/or IRAK1 in imDCs and mDCs enhanced DC apoptosis. By contrast, lentivirus overexpression of TRAF6 and/or IRAK1 promoted DC survival. Moreover, silencing of miR-146a and miR-146b expression had little effect on DC maturation but enhanced IL-12p70, IL-6, and TNF-␣ production as well as IFN-␥ production by IL-12p70-mediated activation of natural killer cells, whereas miR-146a and miR-146b overexpression in mDCs reduced cytokine production. Silencing of miR-146a and miR-146b in DCs also down-regulated NF-B inhibitor IB␣ and increased Bcl-2 expression. Our results identify a new negative feedback mechanism involving the miR-146a/b-TRAF6/IRAK1-NF-B axis in promoting DC apoptosis.
Dendritic cells (DCs) 2 are specialized antigen-presenting cells derived from hematopoietic progenitor cells, influencing both innate and adaptive immune responses as well as maintaining self-tolerance (1) (2) (3) . Hematopoietic progenitor cell-derived monocytes have a unique genetic signature and can develop into immature (imDCs) and mature (mDCs) DCs (4, 5) . mDCs have a high surface expression of co-stimulatory molecules and produce proinflammatory cytokines. mDCs also have the unique ability to present antigens to naïve T cells (1) (2) (3) . Due to their unique role in linking the innate and adaptive immunity, numerous studies on DC development, phenotypes, and functional manipulation have been performed (2) . However, the underlying molecular mechanisms involved in the regulation of DC development and function are not fully elucidated to date.
MicroRNAs (miRNAs) are a family of 19 -24-nucleotide noncoding RNAs that post-transcriptionally modulate gene expression and have important biologic functions (6) . They regulate gene expression through targeting the 3Ј-UTR of mRNA, resulting in either translational repression or mRNA degradation, or both (7) . At present, Ͼ100 miRNAs that are selectively expressed in cells of the innate and adaptive immune systems have been identified (8) , and the miRNA expression profile of bone marrow-or monocyte-derived DCs has been further examined at different stages of DC differentiation (9 -11) .
miR-146 was identified as one of the miRNAs induced in response to cytokines and/or pathogen products such as LPS in macrophages and DCs (12) (13) (14) , and it is transcriptionally induced by NF-B in response to activation of innate immune signaling in monocytes (12) . NF-B has been reported to play a critical role in the regulation of DC maturation and immune functions (15, 16) . NF-B also mediates protection of DCs from apoptosis (17) . Interestingly, miR-146a is known to silence TRAF6 (TNF receptor-associated factor 6) and IRAK1/2 (IL-1 receptor-associated kinase 1/2) (12, 13, 18, 19) , key adaptor proteins of the NF-B signaling cascade, resulting in inhibition of NF-B activation (18, 20) . miR-146 has been proposed to be an anti-inflammatory miRNA in DCs (12, 13, 21) . However, further study is needed to dissect other mechanisms of miR-146 in DCs. Using miRNA microarrays, we previously demonstrated that expression of miR-146a and miR-146b is up-regulated upon human monocyte differentiation into imDCs and mDCs (10) . Therefore, we aimed to identify additional functional roles of miR-146a and miR-146b during human monocyte differentiation into imDCs and mDCs. Here, we provide evidence demonstrating that miR-146a and miR-146b promote DC apoptosis and inhibit IL-12p70, IL-6, and TNF-␣ production by targeting TRAF6 and IRAK1, with subsequent inhibition of the NF-B signaling cascade.
EXPERIMENTAL PROCEDURES
DC Differentiation and Maturation-Human leukocytes were purchased from the New York Blood Center. Isolation of monocytes and in vitro human monocyte differentiation into DCs were performed as described previously (10, 22) . Purified monocytes (Ͼ95% purity) using anti-CD14 MicroBeads (Miltenyi Biotec) were cultured at 37°C in 6-well plates (1 ϫ 10 6 cells/well) in 3 ml of serum-free AIM V medium (Invitrogen) containing human GM-CSF (100 ng/ml; Bayer HealthCare Pharmaceuticals) and human IL-4 (20 ng/ml; PeproTech). A total of 1 ml of fresh medium with GM-CSF and IL-4 was added to the cell cultures at day 3. Old medium was replaced with 3 ml of fresh medium with GM-CSF and IL-4 at day 5. DCs were matured with IL-1␤ (10 ng/ml; PeproTech), IL-6 (10 ng/ml; PeproTech), TNF-␣ (10 ng/ml; PeproTech), and prostaglandin E 2 (PGE 2 ; 1 g/ml; Sigma-Aldrich) on day 6, and DCs were harvested on day 8 or at the indicated time.
Real-time PCR Analysis-Cells were washed twice with icecold phosphate-buffered saline and lysed with QIAzol reagent to isolate total RNA, from which miRNA was isolated using an miRNeasy kit (Qiagen). Single-stranded cDNA was synthesized using an NCode miRNA first-strand cDNA synthesis kit (Invitrogen). miRNA-specific primers were purchased from Qiagen, and primer sequences for 5 S RNA and comparative real-time PCR analysis have been described previously (10) . Comparative real-time PCR using SYBR Green SuperMix (Invitrogen) was performed in a 96-well plate and run in a CFX96 real-time PCR system (Bio-Rad) at 50°C for 2 min and at 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and 57°C for 1 min. Each sample was analyzed in duplicate or triplicate. The level of miRNA expression was measured using the threshold cycle (C T ) according to the ⌬⌬C T method (23) . To normalize the relative abundance of miRNAs, 5 S RNA was used as an endogenous control. Standard curves for mature miR-146a and miR-146b were prepared by quantitative RT-PCR analysis using qSTAR miR-146a and miR-146b template standard kits (Ori-Gene Technologies, Rockville, MD). Ten ng of RNA was subjected to quantitative RT-PCR, and absolute miRNA copy numbers were calculated using the miRNA standard curve (24) .
Flow Cytometry-Cells were harvested at the indicated time points, washed, and labeled with allophycocyanin-annexin V or FITC-annexin V (eBioscience) and propidium iodide (Invitrogen) or 7-aminoactinomycin D (eBioscience). Flow cytometric analysis was carried out on a MACSQuant analyzer (Miltenyi Biotec) and analyzed using FlowJo software (Tree Star).
Caspase-3/7 Assay-Cells were transfected with the indicated miRNA mimics or inhibitors in a 96-well format for 48 h and then processed using a caspase-3/7 kit (Promega) according to the manufacturer's protocol.
Transfection of miRNA Mimics or Inhibitors and siRNA-miRNA mimics and inhibitors for hsa-miR-146a and hsa-miR-146b and negative controls of miRNA mimics (negative control 1) and inhibitors were purchased from Ambion. TRAF6, IRAK1, and scrambled control siRNAs were purchased from Santa Cruz Biotechnology. miRNA mimics/inhibitors and respective controls, as well as TRAF6, IRAK1, or scrambled control siRNA, were transfected into the cells at the indicated concentrations for the indicated times using Lipofectamine RNAiMAX (Invitrogen).
Western Blotting-Western blotting has been described previously (10) . Anti-TRAF6, anti-IRAK1, anti-GAPDH, and horseradish peroxidase-conjugated secondary antibodies were purchased from Santa Cruz Biotechnology. Anti-IB and anti-Bcl-2 antibodies were purchased from Cell Signaling. Blots were quantified by densitometry using NIH ImageJ software (rsb.info.nih.gov/ij/) and normalized to GAPDH.
Lentiviral Vector and DC Transduction-Following New York Medical College Institutional Biosafety Committee approval, full-length human cDNA clones of TRAF6 (accession no. NM_004620) and IRAK1 (accession no. BC054000) were purchased from Open Biosystems and OriGene Technologies, respectively. The ORFs of TRAF6 and IRAK1 were cloned into an HIV-1-based bidirectional vector (pEhfflucmCNsin) to replace humanized firefly luciferase for regulation of TRAF6 or IRAK1 and truncated nerve growth factor receptor (⌬NGFR) expression (pETRAF6mCNsin and pEIRAK1mCNsin), respectively (see Fig. 4E ) (25) . The lentiviral constructs were verified by sequencing analysis, and expression of TRAF6 and IRAK1 was confirmed in 293T cells (American Type Culture Collection) by Western blotting. Lentiviral production in 293T cells was performed as described previously (26) . Viral supernatants of 293T cells were concentrated by ultracentrifugation and the viral titer was determined, which ranged from 2.1 to 9.6 ϫ 10 7 transducing units/ml. imDCs at days 4 and 6 were transduced by spinoculation for 1 h with lentiviruses for TRAF6/NGFR, IRAK1/ NGFR, TRAF6/NGFR ϩ IRAK1/NGFR, and firefly luciferase/ NGFR (as a control) at multiplicities of infection of 20 -30 in 24-well plates coated with RetroNectin. The transduced day 4 and 6 imDCs were supplemented with GM-CSF and IL-4 with or without the maturation mixture and incubated for an additional 48 h at 37°C and 5% CO 2. The transduction efficiency was determined to be Ͼ80% NGFR ϩ by flow cytometry.
ELISA Assay-Cells were transfected with the indicated miRNA mimics or inhibitors and, 6 h later, treated with either LPS (0.1 g/ml; Sigma-Aldrich) and imidazoquinoline compound R848 (2.5 g/ml; InvivoGen) or poly(I:C) (20 g/ml; InvivoGen) and the maturation mixture in AIM V medium supplemented with human GM-CSF and IL-4 for an additional 16 h. Cell culture supernatants were recovered and evaluated in duplicate for IL-12p70 levels using ELISA kits (BD Biosciences) and for IL-6 and TNF-␣ levels using chemiluminescent kits (Quansys Biosciences).
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DC/Natural Killer (NK) Co-culture Assay-imDCs in 24-well plates (2.5 ϫ 10 5 cells/well) were transfected with the indicated miRNA inhibitors and a negative control. Six h later, DCs were stimulated with the maturation mixture for 12 h. The old medium was then removed, and transfected DCs were co-cultured with NK cells (5 ϫ 10 5 ), which were isolated from human peripheral blood mononuclear cells using an NK cell negative isolation kit (Miltenyi Biotec). Cells were co-cultured for 24 h, and supernatants were harvested for quantification of selected cytokines by ELISA.
Statistical Analysis-All results were calculated as the means Ϯ S.E. Data were analyzed using a two-sample t test, and differences with a p value of Ͻ0.05 were regarded as significant.
RESULTS

miR-146a and miR-146b Expression Is Up-regulated upon
Monocyte Differentiation-To investigate miR-146a and miR-146b expression during human monocyte differentiation into imDCs and mDCs, monocytes from four healthy donors were differentiated into imDCs with GM-CSF and IL-4 for 6 days and matured with IL-1␤, IL-6, TNF-␣, and PGE 2 for 2 days (10). Monocytes, differentiating DCs (at days 2, 4, and 6), and mature DCs (at day 8) were analyzed for expression of miR-146a and miR-146b by real-time PCR (Fig. 1A ). Expression of both miR-146a and miR-146b was significantly increased upon monocyte differentiation into imDCs (at day 6: miR-146a, 10-fold; miR-146b, 37-fold; n ϭ 4, p Ͻ 0.05) and mDCs (miR-146a, 51-fold; miR-146b, 79-fold; n ϭ 4, p Ͻ 0.005). Consistent with these results, the copy numbers of both miR-146a and miR-146b were significantly increased upon monocyte differentiation into imDCs and mDCs ( Fig. 1B) .
Because both miR-146a and miR-146b expression is greatly increased in mDCs, we investigated which components of the maturation mixture regulate the expression of miR-146a and miR-146b. After incubation for 2 days in the maturation mixture from which individual cytokines were excluded, expression of miR-146a and miR-146b was analyzed by realtime PCR (Fig. 1C ). Expression of both miR-146a and miR-146b was significantly decreased using the maturation mixture without IL-1␤, whereas the maturation mixture without IL-6, TNF-␣, or PGE 2 had no or little effect on miR-146a and miR-146b expression in mDCs (n ϭ 3, p Ͻ 0.01). These results indicate that expression of miR-146a and miR-146b in mDCs is predominantly mediated by IL-1␤ but not by IL-6, TNF-␣, or PGE 2 .
miR-146a/b Functions as a Pro-apoptotic Factor during Human Monocyte Differentiation into imDCs and mDCs-DC
apoptosis is important for self-tolerance and immunity (27) . Recent studies have demonstrated that miR-146a provides negative feedback inhibition of both innate and adaptive immune responses (28, 29) . Therefore, we evaluated the effect of altering miR-146a and/or miR-146b expression levels on DC apoptosis by annexin V/propidium iodide staining. imDCs at day 4 were transfected with miR-146a, miR-146b, or both or with scrambled inhibitors for 40 h. A reduction in miR-146a and miR-146b expression was confirmed by real-time PCR analysis. miR-146a or miR-146b expression levels were significantly decreased to ϳ90% of control levels in imDCs transfected with miR-146a or miR-146b inhibitors ( Fig. 2A ). Transfection of miR-146a or miR-146b inhibitors also reduced the expression levels of miR-146b and miR-146a by 40 -50% compared with control groups. Transfection of both miR-146a and miR-146b inhibitors suppressed both miR-146a and miR-146b levels by 90%. Compared with scrambled control inhibitor-transfected cells, the proportion of apoptotic cells after transfection with miR-146a, miR-146b, or both miR-146a and miR-146b inhibitors was significantly decreased, although we could not find a synergic effect by transfection of both miR-146a and miR-146b inhibitors (24 Ϯ 3.1%, 26 Ϯ 1.7%, and 23 Ϯ 2.8% versus 46 Ϯ 2.3% (control) of annexin V ϩ populations; n ϭ 8, p Ͻ 0.005) (Fig. 2, B and C) . Silencing of miR-146a, miR-146b, or both in mDCs also led to a significant reduction in DC apoptosis compared with the scrambled control (25 Ϯ 4.7%, 25 Ϯ 3.5%, and 24 Ϯ 4.1% versus 45 Ϯ 5.0%; n ϭ 8, p Ͻ 0.05) ( Fig. 2D ).
To further demonstrate the effect of miR-146a and miR-146b on DC apoptosis, imDCs were transfected with miR-146a and/or miR-146b mimics or the scrambled control for 40 h, and ϳ300-fold increased expression of miR-146a and miR-146b compared with the control was confirmed by real-time PCR JANUARY 30, 2015 • VOLUME 290 • NUMBER 5 JOURNAL OF BIOLOGICAL CHEMISTRY 2833 analysis ( Fig. 2E ). As anticipated, overexpression of miR-146a, miR-146b, or both in imDCs significantly increased the proportion of apoptotic cells (46 Ϯ 1.9%, 47 Ϯ 2.1%, and 45 Ϯ 2.3% versus 36 Ϯ 3.3% (control); n ϭ 6, p Ͻ 0.05) (Fig. 2, F and G) . Similarly, overexpression of miR-146a, miR-146b, or both in mDCs also significantly increased DC apoptosis compared with scrambled control mimic-transfected cells (46 Ϯ 5.0%, 48 Ϯ 5.1%, and 47 Ϯ 5.1% versus 34 Ϯ 8.3%; n ϭ 6, p Ͻ 0.01) ( Fig. 2H ). Furthermore, the effect of miR-146a and miR-146b on DC apoptosis was confirmed by activation of caspase-3/7 (Fig. 2 , I and J). Taken together, these results indicate that miR-146a and miR-146b may function as pro-apoptotic regulators during human monocyte differentiation into imDCs and mDCs.
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Transient Silencing or Overexpression of miR-146a and miR-146b Has Little Effect on Expression of HLA and Co-stimulatory
Molecules in DCs-Because both miR-146a and miR-146b were up-regulated in mDCs (Fig. 1, A and B) , we hypothesized that these miRNAs may influence DC maturation. Flow cytometric analysis of DC surface molecules, including CD40, CD80, CD83, CD86, and HLA class II (HLA-DR) on imDCs matured for 2 days with miR-146a, miR-146b, or both silenced, showed no significant differences in expression levels compared with the scrambled control except for increased CD40 expression (n ϭ 6) (data not shown). The only consistent difference in expression of DC surface molecules on imDCs overexpressing miR-146a, miR-146b, or both was a slight down-regulation of CD 40 (n ϭ 3) (data not shown). Because we observed only a small effect of miR-146a/b on DC maturation for 2 days, we tested the effect of miR-146a/b on DC maturation for 4 days. Again, silencing both miR-146a and miR-146b in imDCs showed no difference in expression of DC surface molecules except for CD40 expression (n ϭ 2) (data not shown) even after 4 days of maturation. These results were further confirmed using LPS plus R848 and poly(I:C) plus the maturation mixture (n ϭ 2) (data not shown). Importantly, even with 4 days of maturation, we demonstrated significantly decreased expression of both miR-146a and miR-146b by real-time PCR (n ϭ 2) (data not shown). Therefore, these results indicate that expression 
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of miR-146a and miR-146b has little effect on DC maturation.
TRAF6 and IRAK1 Expression Inversely Correlates with miR-146a and miR-146b Expression-It is known that the NF-B pathway regulates DC development, function, and survival and that TRAF6 and IRAK1 are major signal transducers in the NF-B pathway (17, 30) . In addition, both TRAF6 and IRAK1 are known target genes of miR-146a (12, 18) . Therefore, we investigated whether there is an inverse correlation between TRAF6 and IRAK1 and miR-146a and miR-146b during human monocyte differentiation into imDCs and mDCs by real-time PCR and Western blotting. Expression of both TRAF6 and IRAK1 at the mRNA level was significantly decreased upon monocyte differentiation into imDCs and mDCs (n ϭ 4) (Fig.  3A) . Consistent with decreased mRNA levels, expression of TRAF6 and IRAK1 at the protein level was also significantly down-regulated upon DC maturation (Fig. 3B) . In contrast to TRAF6 and IRAK1 expression, miR-146a and miR-146b expression increased during monocyte differentiation into imDCs and mDCs (Fig. 1, A and B) .
To determine whether miR-146a and miR-146b regulate TRAF6 and IRAK1 in DCs, we evaluated the expression of TRAF6 and IRAK1 after silencing or overexpression of miR-146a and/or miR-146b in imDCs and mDCs by real-time PCR (data not shown) and Western blotting (Fig. 3, C and D) . Compared with scrambled inhibitor-transfected cells, TRAF6 and IRAK1 expression at the mRNA and protein levels was slightly increased after transfection with miR-146a, miR-146b, or both miR-146a and miR-146b inhibitors in imDCs ( Fig. 3C ) (data not shown). Silencing of miR-146a, miR-146b, or both in mDCs also led to a significant increase in expression of both TRAF6 and IRAK1 compared with the scrambled control (data not shown). Consistently, overexpression of miR-146a, miR-146b, or both in imDCs caused a significant reduction in expression of TRAF6 and IRAK1 at the mRNA and protein levels ( Fig. 3D ) (data not shown). Overexpression of miR-146a, miR-146b, or both in mDCs also significantly decreased expression of both TRAF6 and IRAK1 compared with scrambled miRNA controltransfected cells (data not shown). Taken together, these data indicate that miR-146a and miR-146b expression is inversely correlated with TRAF6 and IRAK1 expression, suggesting that TRAF6 and IRAK1 could be the potential target molecules of miR-146a and miR-146b in DC apoptosis.
Silencing of TRAF6 and IRAK1 Expression Induces DC Apoptosis-To determine whether TRAF6 and IRAK1 are directly involved in regulating miR-146a/b-mediated DC apoptosis, we silenced TRAF6 and/or IRAK1 expression by siRNA in imDCs and mDCs to evaluate the effect on DC apoptosis. As shown in Fig. 4A, TRAF6 and/or IRAK1 expression was significantly reduced after siRNA silencing in imDCs. Compared with control siRNA-transfected cells, the proportion of apoptotic cells after transfection with TRAF6, IRAK1, or both TRAF6 and IRAK1 siRNAs in imDCs was significantly increased (23 Ϯ 4.1%, 22 Ϯ 4.4%, and 33 Ϯ 3.0% versus 15 Ϯ 3.7% (control) of annexin V ϩ populations; n ϭ 4; p Ͻ 0.05) (Fig. 4, B and C) , which was in agreement with the data obtained with miR-146overexpressing cells (Fig. 2) . Silencing of TRAF6, IRAK1, or both in mDCs also led to induction of apoptosis compared with the scrambled control (31 Ϯ 6.4%, 28 Ϯ 3.3%, and 35 Ϯ 6.7% versus 13 Ϯ 3.3%; n ϭ 4, p Ͻ 0.05) (Fig. 4D ). In addition, overexpression of TRAF6, IRAK1, or both in imDCs and mDCs by lentiviral transduction led to increased DC survival compared with control lentivirus-transduced cells (Fig. 4, E-H) . These observations thus strongly suggest that both miR-146a and miR-146b induce apoptosis during human DC development by targeting TRAF6 and IRAK1.
To confirm that miR-146a/b-induced human DC apoptosis is involved in suppression of the NF-B pathway, at least in part through down-regulation of the NF-B signaling transducers TRAF6 and IRAK1, we examined the protein level of IB as a negative regulator of NF-B. After transfection of miR-146a and/or miR-146b inhibitors, IB expression was significantly decreased by Western blotting (Fig. 5A) , whereas IB was accumulated upon transfection of miR-146a and/or miR-146b mim-FIGURE 4. TRAF6 and IRAK1 modulate DC apoptosis. imDCs at day 4 were transfected with TRAF6 and/or IRAK1 siRNA and scrambled control (Ctrl) siRNA at a final concentration of 30 nM for 40 h. A, reduced expression of TRAF6 and/or IRAK1 was analyzed by Western blotting. B, all cells were analyzed for apoptosis by staining with FITC-annexin V and 7-aminoactinomycin D (7-AAD). C, the percentages of annexin V ϩ cells (including annexin V ϩ /propidium iodide Ϫ and annexin V ϩ /propidium iodide ϩ ) were determined as in B. D, imDCs at day 6 were transfected with TRAF6 and/or IRAK1 siRNA and scrambled control siRNA, followed by the maturation mixture for 40 h, and cells were then analyzed for apoptosis as described above. E, schematic representation of the pEhfflucmCNsin lentiviral vector expressing human IRAK1 and TRAF6. LTR, long terminal repeat; mC, minimal core promoter element; EF1␣, elongation factor 1␣. imDCs at days 4 (G) and 6 (F and H) were transduced with the control lentiviral vector (Luc) and with the lentiviral vector (LV) expressing TRAF6 and/or IRAK1, and cells were then incubated for 48 h with (F and H) or without (G) the maturation mixture. The transduction efficiency was determined to be Ͼ80% NGFR ϩ by flow cytometry. Cells were analyzed for Western blotting (F) or apoptosis (G and H) by staining with FITC-annexin V and allophycocyanin-NGFR. NGFR ϩ cells were used only to determine the percentages of annexin V ϩ cells. High baseline apoptosis in the control lentiviral vector-transduced imDCs and mDCs was due to use of Polybrene for lentiviral transduction and serum-free AIM V medium for DC culture. Data shown are mean percentages Ϯ S.E. and are representative of four (A-D) or two (F-H) independent experiments. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.005 (by paired t test).
ics (Fig. 5B ) or TRAF6 and/or IRAK1 siRNA in imDCs (Fig. 5C ). Overexpression of TRAF6, IRAK1, or both in mDCs by lentiviral transduction also led to decreased IB expression ( Fig. 5D ). These data suggest that miR-146a and miR-146b inhibit the NF-B pathway. In addition, we also investigated the expression level of Bcl-2 as a known downstream anti-apoptotic molecule of the NF-B pathway. Transfection with the miR-146a and/or miR-146b inhibitors induced an increase in Bcl-2 expression ( Fig. 5A ), whereas transfection of miR-146a and/or miR-146b mimics (Fig. 5B ) or TRAF6 and/or IRAK1 siRNA (Fig. 5C ) resulted in a decrease in Bcl-2 protein levels in imDCs. Increased expression of Bcl-2 was confirmed by overexpression of TRAF6, IRAK1, or both in mDCs by lentiviral transduction (Fig. 5D ). Taken together, these results indicate that miR-146a and miR-146b modulate DC apoptosis through inhibition of NF-B activation via targeting TRAF6 and IRAK1.
miR-146a and miR-146b Modulate Proinflammatory Cytokine Production in mDCs-We next investigated whether miR-146a and miR-146b regulate proinflammatory cytokine production in DCs. IL-12, a proinflammatory cytokine, induces the production of IFN-␥ primarily from NK and T cells and favors the promotion of Th1 cell immunity (31) . We found that IL-12p70 production was slightly enhanced after miR-146a and/or miR-146b silencing, whereas IL-12p70 production was slightly reduced after miR-146a and/or miR-146b overexpression during DC maturation (data not shown). To confirm these data, we used potent IL-12 inducers, including LPS plus R848 or poly(I:C) plus the maturation mixture (32, 33), because the maturation mixture alone induces a very low level of IL-12 production in human DCs. Expression of miR-146a and miR-146b was increased by these stimulations (Fig. 6A ). We found that IL-12p70 production was significantly enhanced after miR-146a and/or miR-146b silencing during DC maturation (Fig.  6B) . By contrast, IL-12p70 production was greatly reduced after miR-146a and/or miR-146b overexpression (Fig. 6C) .
We also measured the effect of alteration of miR-146a and miR-146b expression on IL-6 and TNF-␣ production during DC maturation. Both IL-6 and TNF-␣ levels were significantly increased after miR-146a and/or miR-146b silencing (Fig. 6, D  and E) , whereas IL-6 and TNF-␣ levels were significantly decreased after miR-146a and/or miR-146b overexpression during DC maturation (Fig. 6, F and G) .
To investigate whether silencing of miR-146a and miR-146b could enhance the ability of mDCs to activate NK cells, mDCs treated to silence miR-146a, miR-146b, or both were co-cultured with CD3 Ϫ CD56 ϩ NK cells. NK cells co-cultured with mDCs that were transfected with inhibitors of miR-146a, miR-146b, or both had significantly increased IL-12p70 production (Fig. 7, A and B) and secreted significantly higher levels of IFN-␥ compared with control cultures (p Ͻ 0.005). These results suggest that miR-146a and miR-146b silencing can enhance the ability of mDCs to activate NK cell production of IFN-␥.
DISCUSSION
In this study, we have demonstrated three important findings concerning the role of miR-146a and miR-146b in human DC differentiation and function. First, expression of both miR-146a and miR-146b is up-regulated during human monocyte differentiation into imDCs and mDCs, although an earlier report suggested that only miR-146a is induced upon activation of human monocytes (12) . We also demonstrated that increased expression of both miR-146a and miR-146b during human DC differentiation is significantly inversely correlated with TRAF6 and IRAK1 expression. Second, miR-146a and miR-146b may be critical regulators of DC apoptosis and cytokine production. miR-146a and/or miR-146b significantly promotes DC apoptosis and inhibits production of IL-12p70, IL-6, and TNF-␣. Silencing of miR-146a and/or miR-146b in mDCs leads to higher levels of IL-12p70 secretion by DCs and increased IFN-␥ production by NK cells. Third, mechanistically, miR-146a and miR-146b target TRAF6 and IRAK1, leading to inhibition of NF-B and reduced expression of Bcl-2. We have thus demonstrated for the first time that miR-146a and miR-146b regulate human DC apoptosis and cytokine production, uncovering a new negative feedback mechanism for miR-146 in controlling overstimulation of the immune responses ( Fig. 8) .
miR-146a has emerged as a negative master regulator of Tolllike receptor (TLR) activation (12) . The miR-146 family consists of two evolutionarily conserved miRNA genes, miR-146a and miR-146b on chromosomes 5 and 10, respectively, and their mature products differ only by 2 nucleotides in the 3Ј-end (34) . Baltimore and colleagues (12) have shown that the expression of both miR-146a and miR-146b was rapidly induced in human monocytic THP-1 cells in response to TLR stimuli (e.g. LPS) and proinflammatory cytokines (e.g. TNF-␣ and IL-1␤). Induction of miR-146a was shown to be NF-B-dependent. 
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They also identified that TRAF6 and IRAK1, which are two key adaptor molecules in the TLR or cytokine receptor/NF-B signaling pathway, are direct targets of miR-146a and miR-146b through a negative feedback regulation loop (12) . However, only miR-146a in the precursor and mature forms, but not miR-146b, was detected to be up-regulated after 8 h of LPS treatment in two human myeloid cell lines (THP-1 and HL-60). Failure to detect miR-146b could be due to a short period of LPS treatment and/or use of cell lines, but not primary cells. A recent kinetic study showed that induction of miR-146a in human primary monocytes by LPS stimulation was faster compared with miR-146b and that miR-146b induction could be detected at 12 h post-stimulation (35) . By contrast, in our study, both miR-146a and miR-146b were up-regulated upon monocyte differentiation into imDCs and mDCs, and both were involved in terminating DC function through apoptosis and dampening of cytokine production.
Our study also identified the mechanisms underlying miR-146a and miR-146b regulation of DC apoptosis through the miR-146a/b-TRAF6/IRAK1-NF-B axis. We identified that miR-146a/b up-regulation upon DC maturation was inversely correlated with TRAF6 and IRAK1 expression. Overexpression of miR-146a and/or miR-146b or silencing of TRAF6 and/or IRAK1 led to a significant increase in the expression of IB in DCs. Interestingly, the phosphorylation of IB on Ser-32 is essential for its degradation, and this phosphorylation is reduced by overexpression of miR-146a or miR-146b in MDA-MB-231 breast cancer cells (18) . Up-regulation of IB by overexpression of miR-146a has also been shown in NK/T cell lymphoma cells (36) . Furthermore, TRAF6 functions as an E3 ubiquitin ligase that activates IB kinase (37) . These findings support the notion that miR-146a and miR-146b serve as NF-B negative regulators through down-regulation of TRAF6 and IRAK1 functions.
Our study supports published data claiming that miR-146 regulates cell survival. It has been reported that miR-146a regulates survival and maturation of human plasmacytoid DCs (pDCs) and can be induced upon TLR7/9 ligation in this cell type (38) . Furthermore, ectopic miR-146a expression impairs TLR-mediated signaling by diminished production of proinflammatory cytokines (IL-6 and IFN-␤), increased apoptosis, and reduced expression of co-stimulatory molecules and HLA class II 
due to reduced activation of NF-B. However, the majority of these results were obtained with a pDC cell line, and it was unclear if miR-146b was also involved in pDC survival. Our results demonstrate that both miR-146a and miR-146b are critical regulators in the survival of conventional monocyte-derived DCs.
Our results may provide new insights into how miR-146a/b regulates DC function. DCs activate lymphocytes to fight infection and subsequently progress to cell death to maintain selftolerance and prevent autoimmunity. It has been shown that a defect in DC apoptosis in animals and patients with mutations in the gene for caspase-10 can lead to DC accumulation, chronic lymphocyte activation, and systemic autoimmune manifestations (39) . Our results appear to make physiological sense because induction of miR-146a and miR-146b upon maturation of DCs could lead to their apoptosis and reduced cytokine production, suggesting that both miR-146a and miR-146b could act as a regulatory mechanism to prevent overstimulation of the proinflammatory response in human DCs.
In line with our findings, miR-146a-deficient mice show an increase in the number of regulatory T cells that exhibit impaired capacity to suppress the Th1 response (40) . Also, these mice display spontaneous autoimmune disorders with loss of T cell tolerance, massive myeloproliferation, and cancer (21) . Furthermore, miR-146a deficiency in T cells causes hyperresponsiveness of both acute antigenic responses and chronic inflammatory autoimmune responses (41) . These effects of miR-146a deficiency are at least in part related to the absence of negative feedback regulation through TRAF6 and IRAK1 (20, 21, 41) . In fact, this hypothesis is further supported by several recent findings. miR-146a-deficient mice produce excessive amounts of proinflammatory cytokines such as TNF-␣ and IL-6 in response to LPS (21) . DCs from TRAF6-deficient mice show significantly impaired production of IL-6 and IL-12 by stimulation of TLR ligands or CD40L (42) . Finally, as discussed above, overexpression of miR-146a in the pDC CAL-1 cell line increases cell apoptosis and decreases expression of IFN-␤ and IL-6 mRNAs (38) .
Although our results demonstrated that miR-146a and miR-146b negatively regulate DC apoptosis by targeting TRAF6 and IRAK1, we cannot exclude the possibility that other molecules targeted by miR-146a/b may contribute to DC apoptosis and cytokine production. We performed a computational search using miRanda (43) and TargetScan (44) , and we found that CD40LG, TLR4, FADD, FAS, and SMAD4 are predicted targets for miR-146a and miR-146b. It has been reported that CD40L increases DC survival, up-regulates MHC expression, and induces the expression of a variety of cytokines such as IL-12 in DCs (45) . Our data demonstrated that production of IL-12 by DCs and of IL-12-mediated IFN-␥ by NK cells was significantly enhanced via silencing of miR-146a and miR-146b. Therefore, CD40L could be a target of miR-146a and miR-146b for DC apoptosis and cytokine production. Further work is needed to determine whether CD40L or other target molecules play a role in miR-146a/b-mediated DC apoptosis and cytokine production. 
We have previously demonstrated that miR-155 is induced in human mDCs, leading to increased DC apoptosis and IL-12p70 production (10) . In this study, we demonstrated that both miR-146a and miR-146b play a key role in the regulation of DC survival and inflammatory activation. It remains to be determined whether miR-146a and miR-146b, as well as miR-155, play a redundant or distinct role in DC apoptosis. These miR-NAs may be required to achieve an additive effect on DC apoptosis, as each individual miRNA serves as a fine-tuning regulator. Future research is also needed to understand the precise in vivo role of miR-146a/b-mediated DC apoptosis in self-tolerance and autoimmunity. Our findings may have therapeutic implications for autoimmune diseases and/or cancer via manipulating the miR-146a/b-TRAF6/IRAK1-NF-B pathway in DCs.
